This paper reports two studies to model the inter-relationships between protein sequence, structure and function. First, an automated pipeline to provide a structural annotation of proteomes in the major genomes is described. The results are stored in a database at Imperial College, London (3D-GENOMICS) that can be accessed at www.sbg.bio.ic.ac.uk. Analysis of the assignments to structural superfamilies provides evolutionary insights. 3D-GENOMICS is being integrated with related proteome annotation data at University College London and the European Bioinformatics Institute in a project known as e-protein (http://www.e-protein.org/). The second topic is motivated by the developments in structural genomics projects in which the structure of a protein is determined prior to knowledge of its function. We have developed a new approach PHUNCTIONER that uses the gene ontology (GO) classification to supervise the extraction of the sequence signal responsible for protein function from a structure-based sequence alignment. Using GO we can obtain profiles for a range of specificities described in the ontology. In the region of low sequence similarity (around 15%), our method is more accurate than assignment from the closest structural homologue. The method is also able to identify the specific residues associated with the function of the protein family.
INTRODUCTION
Knowledge of the structure and function of the proteome is central to the exploitation of the wealth of biological information available in the post-genome era. This knowledge provides fundamental understanding of biological processes and can inform the systematic development of novel pharmaceuticals (e.g. see in this volume see (Blundell et al. 2005) ). Bioinformatics has a central role in providing this knowledge by modelling the inter-relationships between the sequences, structures and functions of proteins. Moreover, bioinformatics provides a tool to explore evolutionary relationships between component molecules within different species.
This paper reports two studies from our laboratory to model protein sequence-structure-function interrelationships. First, we describe the development of an automated pipeline for proteome annotation (Muller et al. 2002; Fleming et al. 2004) . Analysis reveals the extent of structural and functional annotation of the proteomes. Comparative studies provide insights into the evolution of the proteomes in the different species. The second topic addresses the problem that, as a result of structural genomics initiatives, increasingly protein structures are being determined without prior knowledge of their function (e.g. GoldsmithFischman & Honig 2003; Kinoshita & Nakamura 2003; Laskowski et al. 2003) . We report a new method, PHUNCTIONER (Pazos & Sternberg 2004) , to assign protein function to a structure.
2. PROTEOME ANNOTATION (a) Strategy for annotation 3D-GENOMICS (www.sbg.bio.ic.ac.uk/3dgenomics) is a database containing structural annotations for fully sequenced proteomes (Muller et al. 2002; Fleming et al. 2004) . At the time of writing, the database contains data for 173 species, including 18 eukaryotes, 17 archaea and 138 bacteria. The strategy for annotation is as follows: as a first step, we identify sequence features such as signal peptides (IPSORT, Bannai et al. 2002) , transmembrane regions (HMMTOP, Tusnady & Simon 2001) , coiled coils (COILS, Lupas et al. 1991) , repeats (PROSPERO, Mott 2000) and low complexity regions (SEG, Wootton & Federhen 1996) . PSI-BLAST (Altschul et al. 1997 ) is then utilized to infer homology to sequences in a database of all available nonredundant sequences, including those for which a three-dimensional structure is available; i.e. structural classification of proteins (SCOP; Andreeva et al. 2004 ) and the protein data bank (PDB; Bourne et al. 2004) . The way in which we use PSI-BLAST has been tailored to allow detection of remote homologues (Mü ller et al. 1999) . Masking of sequence features, identified above, prior to running PSI-BLAST aids detection of true homologues and reduces the number of false positives introduced into the position-specific scoring matrix (PSSM). Additionally, the sequences in the PSSM at the end of each iteration are inspected for signs of drift (i.e. sequences erroneously added to the PSSM causing a gradual drift away from true homologues). If drift is found to occur, PSI-BLAST parameters are altered in an iterative manner until either a threshold is reached or no drift occurs. Benchmarking against SCOP sequences has enabled the selection of optimal PSI-BLAST parameters for proteome annotation. PSI-BLAST-detected relationships are not symmetric (i.e. sequence A might not have a significant hit to sequence B but sequence B could have a significant hit to sequence A). As such, we additionally use IMPALA to assign SCOP/PDB sequences to genome sequences. Functional annotation was achieved by using HMMer (Eddy 1998) to identify matches to domains in the rapidly expanding PFAM protein families database (Bateman et al. 2004 ). Links to cluster of orthologous groups domains provide additional information about function (Tatusov et al. 2003) . Three-dimensional homology models have been recently introduced, and are currently available for sequences in 13 proteomes. Our plans are to use the next version of our fold recognition program (PHYRE; Bennett-Lovsey et al. work in progress; http://www.sbg.bio.ic.ac.uk/~phyre) to predict structures for remote homologues undetectable by sequencebased methods.
(b) Current status of annotations Statistics for the current state of annotations of 14 proteomes, containing representatives from the three branches of life, can be seen in figure 1. The status of structural and functional annotations is expressed as a percentage of the total number of residues in a proteome. For the four eukaryotic proteomes shown, approximately 30-40% of the residues can be structurally annotated via homology to SCOP domains or PDB sequences. For the prokaryotic proteomes, the equivalent figure is higher at approximately 45-50% of the total number of residues in each proteome. However, the fraction of residues that can be ascribed a functional annotation is similar for both the eukaryotes (ca 25-35%) and the prokaryotes (ca 25-40%). These figures have undergone only small increases of a few percent compared to the study we undertook 3 years ago (Muller et al. 2002) , despite increases in the number of PDB sequences available. There may be several reasons for this. The first is that, despite the best efforts of structural genomics initiatives, the majority of PDB structures published each month do not describe novel folds but are often homologous to other structures already in the database. Additionally, the accuracy of our analysis is based on the accuracy of gene prediction for each genome. Genes identified, particularly in the eukaryotes, over the past few years have been those more likely to fall into the 'orphan' bin in our figure due to the way in which genes are predicted: the 'easy' proteins with homology to known proteins are identified early on during sequencing. Figure 1 . Current state of annotation in the 3D-GENOMICS database for 14 representative proteomes from the three branches of life: eukaryotes, archaea and bacteria. Coverage is reported as the percentage of residues in each proteome that are annotated. Structural annotations represent homology to a known structure from the PDB. Functional annotations have no structural annotation but homology is detected to an entry from SwissProt with a description that does not contain the words: hypothetical, probable, predicted, putative. Any homology represents a sequence match to a SwissProt entry containing any of these words. Non-globular regions are those predicted as low complexity, coiled coil, low complexity or transmembrane. Finally, orphan regions do not have a match to any sequence in the NR database.
represents a reliable functional annotation. Approximately 30% of the residues in eukaryotic genomes match a PFAM domain of known function, with approximately 20% of these also having homology to a known structure. This figure increases to 43-58% for prokaryotic species. For these residues, we can be reasonably confident in assigning a function, and clearly this represents a high proportion of each proteome. Below 30% sequence identity, the ability to infer function becomes more complicated since it is widely accepted that homologues often have diverged to perform completely different functions below this threshold.
Compared to equivalent figures from 3 years ago (Muller et al. 2002) , it can be seen that the reliability of functional annotation has increased substantially. This is primarily due to the expansion of the high-quality PFAM database. Moreover, it reveals that despite only very small increases in the percentages of residues for which we have structural or functional annotations, the reliability of these annotations is increasing at a much greater rate. Indeed, the ability to map biochemical function to sequence is arguably of primary importance in sequence annotation, since it provides additional biological value beyond that afforded by traditional structure annotation. Our results are, therefore, encouraging and we intend to incorporate new databases, such as gene ontology (GO; Harris et al. 2004) , that provide annotations of proteome sequences using a common set of terms to describe function. Presumably, this will lead to further increases in the coverage reported above, leading to an improved 3D-GENOMICS resource for users. Figure 3 provides the latest figures for the proportion of residues predicted to occur in transmembrane proteins. In addition to the metazoan proteomes of human, worm and fly, we provide average figures for all of the yeast, bacteria, and archaea in the 3D-GENOMICS database. In human and fly, approximately 21% of residues can be found in transmembrane proteins, with 5% of these in actual membrane spanning regions or the short loops between them, while the remainder of the residues form globular domains attached to these transmembrane regions. The worm proteome displays a higher proportion of transmembrane residues, and this has been linked to expansion of a few families of 7-transmembrane helical proteins that act as chemoreceptors (Liu et al. 2002) . Due to its inability to see or hear, chemosensation is the main method by which Caenorhabditis elegans detects its environment. In addition, a greater proportion of residues are involved in membrane-spanning regions, but this is as expected considering the expanded families are 7-transmembrane.
(d) Transmembrane proteins
The bacterial species have on average 20% of their residues in transmembrane proteins, but a large proportion of these residues (7%) are found in the membrane spanning or short loop regions with the remaining 13% being buried within the membrane. Similarly, 6% out of the 16% transmembrane protein residues in archaea are membrane spanning or in loops. This relative higher proportion of residues may be explained by a larger fraction of completely membrane integral proteins in these species (Muller et al. 2002) . PFAM + structure PFAM (no structure) function + structure, id > 30% function (no structure), id > 30% function + structure, id < 30% function (no structure), id < 30% Figure 2 . Reliability of functional annotations for 14 representative proteomes. The bins are cumulative. The first three bins represent 'reliable' annotations, where sequence identity to a structural hit is above 30% or has a PFAM hit of known function. The last three bins represent 'fuzzy' annotations, where sequence identity to a non-structural hit is above 30% and some functional annotation is available.
(e) SCOP superfamilies Table 1 shows the number of domains found in each proteome for the 12 most commonly occurring SCOP superfamilies in the human proteome. For the metazoan species, i.e. eukaryotes not including yeast, the most common superfamilies are similar, with the top 12 in human mapping to those in at least the top 25 of worm and fly. In contrast, the prokaryotic species (i.e. bacteria and archaea) comprise a completely different mix of superfamilies apart from the ubiquitous P-loop containing nucleotide triphosphate hydrolases, and to a lesser extent, the membrane all-alpha superfamily. This implies that the most common superfamilies reflect functions common to all higher eukaryotes. Indeed, this is borne out when one considers that these superfamilies are involved in functions such as cell-cell interaction, signalling, and cell-surface receptors. The observation that C-type lectins are observed at high frequency in the worm genome with respect to human and fly was observed previously (Muller et al. 2002) , but no explanation was available. Proteins of the C-type lectin superfamily are carbohydrate binding and involved in immune cell signalling. Reports (Loukas & Maizels 2000) have implicated proteins in this superfamily in evading the host immune system in parasitic nematodes and although C. elegans is a free-living nematode, it is closely related to these parasites. We may be observing a superfamily expansion that occurred early in the nematode phylogenetic branch, allowing a parasitic lifestyle. Comparison with other parasitic and freeliving nematodes is required to investigate this hypothesis more thoroughly. The most common superfamilies in bacteria and archaea are very different (see table 2). These superfamilies are predominantly involved in nucleic acid binding (e.g. the winged helix DNA binding domain, homeodomain-like, and nucleic-acid binding protein) or enzyme cofactor binding (e.g. NAD(P)-binding Rossmann-fold domain and FAD/NAD(P)-binding domain). The absence of superfamilies involved in cell-cell interactions or cell-surface proteins is unremarkable and clearly reflects the absence of multicellular organization. Indeed, the unicellular yeast have more in common with the prokaryotic species than they do with the multicellular eukaryotes in terms of commonality of structural superfamilies. This has also been discussed previously and we observe no differences from our earlier conclusions (Muller et al. 2002) .
(f) Expansion of SCOP superfamilies Here, we discuss the relative expansion of SCOP superfamilies that provide evidence for particular evolutionary functional adaptations made, and allow an estimation of when these adaptations might have occurred. Figure 4a gives an indication of the extent of domain duplication based on the expansion of SCOP superfamilies for the 10 most common superfamilies in humans. Taking the frequency in humans as a reference (i.e. at a value of 100%), it can be seen that for the majority of these SCOP superfamilies expansion has occurred between fly/mosquito and Fugu. This is as expected given the approximate doubling in proteome size between these species. For the Fugu species, several superfamilies are observed in slightly greater numbers than in the human proteome. However, the current estimated size of the Fugu proteome stands at approximately 33 500 proteins, whereas the human genome is at approximately 26 500 sequences. One of the quirks of whole-genome shotgun sequencing is that overestimation of true genome size occurs. It may be that the Fugu genome is actually smaller than this, and therefore we may be overestimating the number of SCOP superfamily members in this genome.
One clear trend is the sudden expansion of the C2H2 and C2HC zinc finger domains from Fugu to mouse and human, given the roughly equal genome sizes. This may be explained by the fact that the Fugu genome, although containing a similar amount of coding regions to the human genome, is actually only one-eighth of its size. As such, such an expansion in zinc fingers may point to an increased need for processes associated with transcriptional regulation and mRNA stability in genomes containing a lot of 'junk' DNA. The apparent doubling of zinc finger domains in the mouse genome, with respect to the human genome, is particularly puzzling, and we can offer no explanation as to why this should be. P-loops and the RNA-binding domain display the smallest increase in domain expansion across the board from bacteria to higher eukaryotes, but this is unsurprising given their central roles in housekeeping.
The rice genome is particularly interesting, with the majority of the common superfamilies in human observed at low frequency here. However, the protein kinase-like superfamily, in particular, has undergone major expansion and indeed is the most common SCOP superfamily in rice overall. The protein kinaselike superfamily is involved in the majority of signalling and regulatory processes in the eukaryotic cell and our results presumably reflect the different requirements for a plant cell. Figure 4b shows the relative domain frequencies expressed as the fraction of the total assigned SCOP domains for the top 10 most common superfamilies in the human genome. Zinc fingers account for greater than 25% of all domains in mouse, and over 15% in humans, so are obviously utilized to a huge degree. At an average length of just 27 residues, this corresponds to just over 1% of the residues in the human proteome and 1.75% in the mouse proteome. Their abundance may be due to their versatility coupled with the low costs in terms of cellular resources expended during their production. In contrast, the relative frequencies of P-loops decrease from the unicellular to multicellular species, exposing the increasing importance of other processes during adaptation to a metazoan lifestyle. In rice, an increased frequency of PK-like domains and reduced numbers of many of the other domains associated with multicellular eukaryotes highlights its status as the only plant in our study.
With the exception of the zinc fingers, the relative frequencies of the remaining superfamilies are fairly constant across all of the animal proteomes. These results point to the general trend in metazoans that for the most popular superfamilies in a proteome, the relative abundance of those superfamilies is not substantially different in other proteomes, i.e. the expansion of the most common superfamilies between proteomes is proportional to the increase in overall proteome size. (Buchan et al. 2003; Marsden et al. 2005) . Prof. Jones at University College London is applying his protein sequence analysis tools to proteomes to generate the genomic threading database (McGuffin et al. 2004) . Closely related to these annotations is the work from Prof. Thornton's group on using their catalytic site atlas to assigning protein function to protein structures (Porter et al. 2004) . The aim of e-Protein is to provide a single front end to the 3D-GENOMICS, Gene3D and GenTHREADER databases and to augment this with functional annotations from the Thornton group. In addition to integrating the information in individual databases into a single resource, comparison of the results from the different annotations for the same protein will provide a method to estimate the confidence an end user should place on the results. The e-Protein project makes the annotations from each of the contributing sites available through the distributed annotation system (DAS) server (Dowell et al. 2001 ; http://www.biodas.org/). This way, no central repository of feature annotations is necessary, and each site has full control over the updates and modification to their data. Additionally, no agreement on database schema is needed as a DAS annotation server is database and schema agnostic. The current status is that the DAS server is operational and provides the required single front end to distributed proteome annotation resources. The client is easily accessible to the community from http://www.e-protein.org/e-proteindastypr.html (must have Flash installed) or via the main page of the e-protein web site (www.e-protein. org).
Bioinformatics research has benefited from the availability of low-cost desktop computers, which have been used to build large processor farms. However, costs and the physical demands for space, power and cooling limit the size of these clusters at a single location. The recent advances in GRID technology are now providing proper management and security tools that make it a practical solution to share the available resources across different sites (Foster & Kesselman 2004; Hey & Trefethen 2005) . The other aspect of e-Protein is to develop and apply GRID technology to establish the protocol for distributed computing for proteome annotation. Laskowski et al. 2003) . Today there are more than 500 proteins annotated as 'hypothetical' in PDB (roughly one per 50 entries; Bourne et al. 2004) . This demonstrates that improvements are urgently required in methods to assign function to proteins both just from their sequence and after the structure has been determined.
Assignment of protein function is complicated, for reviews see (Laskowski et al. 2003; Whisstock & Lesk 2003; Jones & Thornton 2004) . Ultimately, one is interested in function at the level of the phenotype but an important step towards this goal is the identification of molecular function. The complexity of protein function makes the establishment of any functional classification complex. One major advance in providing a bioinformatics resource to describe function is the classifications used in the GO project (Harris et al. 2004) . GO provides a functional hierarchy that progresses from general functions to more specific functions. In GO protein function ranges from the very general (e.g. enzyme activity) through broad terms (e.g. hydrolase) down to more specific (e.g. hydrolysis of O-glycosyl compounds).
Functional assignment is commonly performed via transfer from the closest homologue of known function and/or via sequence motifs/profiles such as those in InterPro (Mulder et al. 2005) . Other methods exploit co-location on the genome, domain colocation, phylogenetic profiles or inferences from the interactome (Huynen et al. 2003; Gabaldon & Huynen 2004) . Recently (see Jones & Thornton 2004) , several groups have developed algorithms to identify functionally important residues often employing sequence conservation and/or structural information including the widely used strategy known as the evolutionary trace (Lichtarge et al. 1996; Madabushi et al. 2002) . However, evolutionary trace and related approaches primarily focus on the identification of functional residues which is distinct from actually assigning a function to the protein.
We report here a new automatic method PHUNC-TIONER (Pazos & Sternberg 2004) for structurebased function prediction using automatically extracted functional sequence profiles generated by using the GO classification to supervise extraction of sequence motifs.
(b) Methods
The concepts underpinning our approach PHUNC-TIONER are:
(i) Sequence alignments between proteins with low (less than 30%) sequence identity are more reliable when based on a structural alignment than from sequence alone. (ii) GO provides a coherent computational approach to represent protein function at a variety of levels. (iii) GO can be used to supervise the grouping of proteins into functional families and this presents an alternate approach to supervising classification via a phylogenetic approach.
The strategy used in PHUNCTIONER is described in figure 5 . PHUNCTIONER starts with the FFSP structural alignment (Holm & Sander 1996) of a set of protein homologues and uses the GO classification to extract subfamilies with a common GO term. The multiple sequence alignment from a subfamily (derived from the structural alignment) is used to generate a PSSM. The structure of the protein whose function needs to be assigned (X) is then added to the FSSP multiple alignment and hence the sequence equivalences generated. The sequence of X is then scored against each PSSM for the alignment and the highest scoring match is taken as the prediction of function. The observed score is expressed as the number of standard deviations the score is above the mean of a distribution of scores from matching scrambled sequences (see Pazos & Sternberg 2004) .
To benchmark the approach, we applied a leave-oneout strategy on the FSSP database. We obtained 4753 sub-alignments (profiles) comprising 121 different GO terms in different levels of the GO. For comparison, we contrasted the accuracy of function assignment against that from inheritance from the closest homologue (SEQID) within the FSSP multiple alignment.
(c) Results and discussion The accuracy of each method is quantified as the percentage of cases in which the first hit predicted by the method is correct. The results show that that PHUNCTIONER is significantly better than the SEQID method in the region when the closest homologue has less than 20% identity to the query. The percentages of correct GO assignments for PHUNCTIONER and SEQID are 75 and 60%, respectively. For the 30% sequence identity cut off, the accuracies of both methods are comparable at 90%.
In the generation of the PSSM, PHUNCTIONER identifies the residues that are responsible for a specific function. Figure 6 shows the residues automatically extracted by this method for the GO term 'GTP binding activity' (GO:0005525) in the 1ctqA.fssp structural alignment, mapped on the structure of the Ras oncogene (PDB 1ctq_A). All the residues are close to the bound nucleotide. We have used several other contemporary approaches to identify functionally important residues and the residues identified by them are more widely distributed around the protein and can be distant from the bound nucleotide (see Pazos & Sternberg (2004) for details).
Recently, other groups have exploited the power of GO to assist in assigning function. The Barton group developed GOtcha that uses a weighted pool of GO annotations to homologous sequences to suggest the The initial structural alignment is split into function-specific sub-alignments according with the GO annotation. Conservation patterns due to function are identified in those sub-alignments. The conserved residues in those sub-alignments are used to construct position-specific scoring matrices (PSSM). (c) These PSSM are used to assign a new structure to the corresponding function by scoring the sequence against the profiles in the search for the one where it fits better (thick arrow).
best GO assignment (Martin et al. 2004) . Pal & Eisenberg (2005) developed a consensus method using sequence and structural information to assign a GO function.
CONCLUDING REMARKS
This paper described two topics: the first was our relational database 3D-GENOMICS which reports structural and functional annotation of proteome sequences. The second topic was a new approach, PHUNCTIONER, to predict protein function from structure function of a protein given its structure.
Other groups have developed similar resources. A major development in bioinformatics over the last few years has been the exploitation of computational power to link these bioinformatics resources so the community can benefit from consensus methods of annotation and prediction. Linking across different modalities of biological information will be increasingly important as bioinformatics moves from molecules to systems.
